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The patterns of myosin heavy chain (MyHC) isoform expression in the embryo and in the adult mouse are reasonably well
characterized and quite distinct. However, little is known about the transition between these two states, which involves
major decreases and increases in the expression of several MyHC genes. In the present study, the expression of seven
sarcomeric MyHCs was analyzed in the hindlimb muscles of wild-type mice and in mice null for the MyHC IIb or IId/x
genes at several time points from 1 day of postnatal life (dpn) to 20 dpn. In early postnatal life, the developmental isoforms
(embryonic and perinatal) comprise >90% of the total MyHC expression, while three adult fast isoforms (IIa, IIb, and IId)
comprise <1% of the total MyHC protein. However, between 5 and 20 dpn their expression increases to comprise >90%
of the total MyHC. Expression of each of the three adult fast isoforms occurs in a spatially and temporally distinct manner.
We also show that a MyHC, which is almost exclusively expressed in the heart, is expressed in scattered fibers in all
hindlimb muscles during postnatal development. Surprisingly, the timing and localization of expression of the MyHC
isoforms is unchanged in IIb and IId/x null mice, although the magnitude of expression is altered for some isoforms.
Together these data provide a comprehensive overview of the postnatal expression pattern of the sarcomeric MyHC
isoforms in the mouse hindlimb. © 2001 Academic Press
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wINTRODUCTION
During embryonic development, skeletal muscle precur-
sor cells called myoblasts exit the proliferative cycle, initi-
ate biochemical differentiation, and fuse to form
multinucleated myotubes. One of the major proteins ex-
pressed during the differentiation of myoblasts and myo-
tubes is sarcomeric myosin heavy chain (MyHC). Currently
there are eight known isoforms of sarcomeric MyHC, each
of which is expressed in a temporally and spatially regu-
lated manner. Embryonic and perinatal MyHC are ex-
pressed during pre- and postnatal development of skeletal
muscle (Lyons et al., 1990); type I (also known as b) and a
MyHC are expressed predominantly in the heart and b
MyHC is also expressed in slow skeletal muscle fibers
(Lichter et al., 1986). IIa, IIb, and IId MyHC are expressed
primarily in fast fibers in the adult animal. Finally, ex-
traocular MyHC is expressed exclusively in the extraocular
and pharyngeal muscles (Sartore et al., 1987; Lucas et al.,
1995). t
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All rights of reproduction in any form reserved.Each MyHC isoform is encoded by an individual gene,
and these genes are clustered on two chromosomal loci
(Weiss et al., 1996). Type I/b and a are found on chromo-
some 14 in mice and humans while the remaining isoforms
are found clustered on chromosome 11 in mice and 17 in
humans (Weiss et al., 1999a). This clustering is thought to
have arisen via gene duplication and may have important
implications for the regulation of these genes as a group,
although little is known regarding regulation of the MyHC
locus. The physical order of the MyHC genes in the skeletal
muscle locus is embryonic, IIa, IId, IIb, perinatal, and
extraocular, which does not correspond to their develop-
mental sequence of expression (Weiss et al., 1999b). Thus it
seems unlikely that developmental regulation of the MyHC
locus is similar to that of other well-defined multigene
family loci such as the b-globin locus (Hanscombe et al.,
991; Peterson and Stamatoyannopoulos, 1993). However,
he order of the fast isoforms does correspond to the order in
hich these genes are activated during shifts between fiberypes, i.e., IIA–IID–IIB (Weiss and Leinwand, 1996; Pette
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384 Allen and Leinwandand Staron, 1997). This suggests that the switching of the
adult fast MyHC isoforms, either during development or
during adult fiber type transitions, may depend upon regu-
lation of the locus as a whole.
Adult skeletal muscle is made up of several different
types of muscle fibers which possess different contractile,
metabolic, and morphological characteristics (Talmadge et
al., 1993). The individual MyHC isoforms are expressed
FIG. 1. Immunohistochemical staining using antibody F1.652 for
t 1, 5, 10, and 20 dpn. In this figure and in Figs. 2–4, the sections
ateral portion of the limb on the top. The following landmarks h
yHC expression is present in all fibers at birth but decreases acro
0 dpn in wild-type, IIb null, and IId null mice. The scale bar in thwithin distinct fiber types; indeed, because of the predomi- 1
Copyright © 2001 by Academic Press. All rightant role MyHC plays in the ATPase activity and speed and
agnitude of force generation, fiber types have been named
or the type of MyHC they express, i.e., type I, IIA, IIB, and
ID (Pette and Staron, 1997). Studies on individual fibers
xpressing distinct MyHC isoforms have suggested that
here are significant differences in the functional properties
f these isoforms, which result in different speeds of short-
ning and force generation capabilities (Bottinelli et al.,
ryonic MyHC in wild-type, IIb null, and IId null mouse hindlimb
riented with the front portion of the limb on the left side and the
een labeled: F, fibula bone; G, gastrocnemius muscle. Embryonic
stnatal development and is completely absent in the hindlimb by
wer right corner is the same for all images and is 500 mm.emb
are o
ave b
ss po991). These studies have suggested that despite the ex-
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385Postnatal MHC Isoform Expression in Micetremely high homology across the adult fast MyHC iso-
forms within a given species (approximately 93% identity;
Weiss et al., 1999b), these isoforms have specific and
nique functional characteristics. In addition, recent stud-
es on mice bearing null mutations in the IIb and IId MyHC
enes have demonstrated specific functions for these pro-
eins (Acakpo-Satchivi et al., 1997; Sartorius et al., 1998).
FIG. 2. Immunohistochemical staining using antibody MHCs for
1, 5, 10, and 20 dpn. The orientation of the sections is identical to
in each image, there is typically a scattering of type I MyHC-posit
taken at a slightly higher magnification because these sections
significant difference in fiber size was otherwise observed in any
following landmarks are labeled: S, soleus; G, gastrocnemius. TheThe skeletal muscles of mice homozygous null for either
Copyright © 2001 by Academic Press. All rightthe IIb or the IId MyHC isoform show dramatic abnormali-
ties in both mass and morphology, but the phenotypes of
these two different lines of mice are quite distinct from one
another (Acakpo-Satchivi et al., 1997). In the IId null mice,
IIa MyHC is up-regulated to compensate for the loss of IId
MyHC (Sartorius et al., 1998), while in IIb null mice IId
MyHC is up-regulated (Allen et al., manuscript in prepara-
I/b MyHC in wild-type, IIb null, and IId null mouse hindlimb at
in Fig. 1. In the deep portion of the gastrocnemius muscle shown
bers present. The photos for WT 20 dpn and IIb null 10 dpn were
oriented obliquely to the axis used in all the other images; no
he null samples compared to any of the wild-type samples. The
bar represents 500 mm.type
that
ive fi
were
of ttion). In both cases the up-regulation of either specific
s of reproduction in any form reserved.
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386 Allen and LeinwandMyHC is not sufficient to compensate for the loss of the
MyHC, resulting in marked pathological alterations and
growth restriction. Together these data suggest that the
individual MyHC isoforms have distinct functions and are
unable to substitute for one another.
However, the exact timing of when the changes, both
compensatory and pathological, occur in these null mice is
not known, nor is it clear whether targeted disruption of a
single MyHC isoform gene results in other changes in the
regulation of the MyHC locus as a whole. For example, it is
possible that the compensatory shifts in MyHC isoform
expression occur early in postnatal or even prenatal devel-
opment as a consequence of the loss of expression of the IIb
or IId genes. Consequently, the loss of a significant “adult”
isoform such as IIb or IId may cause the pattern of expres-
sion of all of the MyHC isoforms to be disrupted, which
may in turn explain some of the pathological phenotypes
observed in the adult animals. Previous studies in our
laboratory have shown that IIb, IId, and IIa MyHC RNAs are
expressed fairly early in prenatal development (Lu et al.,
1999); expression of these isoforms at this early stage of
muscle development may be necessary for the regulation of
myofibrillogenesis, the establishment of patterns of fiber
type, or other processes related to the creation of skeletal
muscle.
Surprisingly little is currently known regarding the ex-
pression patterns of the MyHC isoforms at the protein level
during postnatal development of the mouse. In the present
study, we have determined the expression patterns of seven
sarcomeric MyHC isoforms at the protein level during
postnatal development of the mouse hindlimb. Using im-
munohistochemistry, high-resolution gel electrophoresis,
and Western blotting, we demonstrate the pattern and
timing of expression of the embryonic; perinatal; type I, IIa,
IIb, IId; and a MyHC isoforms. In addition, we compared the
expression patterns of MyHC isoforms in the hindlimbs of
normal wild-type mice with those of mice null for the IIb
and IId MyHC genes, respectively. We hypothesized that
targeted disruption of these genes would result in disrup-
tion of the pattern and timing of expression of the other
isoforms in the MyHC loci during postnatal development.
Surprisingly, we found no significant changes in the timing
ABLE 1
onoclonal Antibodies Used in This Study
Antibody Embryonic Perinatal IIa
F1.652 X
Neonatal X
SC-71 X
BF-F3
MHCs
BAG
BF-35 X X Xor localization of the remaining MyHC isoforms in the IIb h
Copyright © 2001 by Academic Press. All rightnd IId null mice compared to controls, suggesting that
egulation of the locus is relatively unchanged compared to
ild-type mice. This in turn suggests that regulation of the
keletal muscle MyHC locus is not substantially altered by
limination of a single isoform gene.
MATERIAL AND METHODS
Animals. Pups born from homozygous null or wild-type female
mice were sacrificed at 1, 3, 5, 10, and 20 days postnatal and both
hindlimbs were mounted on cork using OCT (Miles, Inc., Elkhart,
IN) and frozen in isopentane cooled in liquid nitrogen. One
hindlimb was used for immunohistochemical analysis while the
other was used for gel electrophoresis and Western blotting. A total
of 3–6 pups from three different litters were analyzed for each
group (wild type, IIb null, and IId null) and each time point. All
pups came from litters of 8–10 animals.
Immunohistochemistry. For immunohistochemistry, cryosec-
tions (10 mm) were cut through the entire lower hindlimb and
laced on gelatin-coated slides. The sections were air dried for 15
in and incubated in a blocking solution containing 0.12% bovine
erum albumin (Sigma Chemical Corp., St. Louis, MO), 0.1%
onfat dry milk, 0.1% Triton X-100, and 10 mg/ml Fab fragments
Jackson ImmunoResearch, West Grove, PA) for 1 h to reduce
onspecific binding. After being rinsed in phosphate-buffered sa-
ine (PBS), sections were incubated overnight at 4°C in primary
ntibody solution. The primary antibodies used were as described
n Table 1. F1.652, BF-F3, SC-71, BAG, and BF-35 were all hybrid-
ma supernatants and were diluted 1:2 in blocking solution minus
he Fab fragments, while the neonatal and anti-type I antibodies
ere purified antibodies and were diluted 1:20. Antibody incuba-
ions were carried out overnight. The slides were then rinsed five
imes in PBS and incubated in PBS three times for 3 min each.
econdary antibody, either goat anti-mouse IgG–FITC conjugate or
oat anti-mouse IgM–FITC conjugate, was diluted 1:200 in block-
ng solution without Fab fragments, and sections were incubated
or 1 h at room temperature. For each antibody, all sections from all
ime points for normal, IIb null, and IId null mice were processed at
he same time and under identical conditions to allow comparison
f expression levels across conditions and time points. Negative
ontrol sections that received all staining steps except primary
ntibody incubation consistently showed only faint and nonspe-
ific background staining (data not shown).
Gel electrophoresis. Myosin heavy chains were extracted from
IId Type I Alpha Reference/source
Cho et al., 1994
Novocastra
Gorza, 1990
Gorza, 1990
X Novocastra
X Gorza et al., 1982
X X Gorza, 1990IIb
Xindlimb samples by the method of Butler-Browne and Whalen
s of reproduction in any form reserved.
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387Postnatal MHC Isoform Expression in Mice(1984). Briefly, frozen samples of lower hindlimb were homoge-
nized lightly by hand in 53 volume of extraction buffer (0.3 M
NaCl, 0.1 M NaH2PO4, 0.05 M Na2HPO4, 0.01 M Na pyrophos-
phate, 1 mM MgCl2, 10 mM EDTA, 1 mM dithiothreitol, pH 6.5)
and extracted on ice for 1 h. The samples were then centrifuged at
13,000 rpm on a tabletop microfuge for 30 min and the supernatant
was taken, diluted 1:1 in 100% glycerol, and stored at 220°C until
use. Protein concentration was determined using a standard assay
kit (Bio Rad).
High-resolution gel electrophoresis allowing separation of the
MyHC isoforms was performed as described by Talmadge and Roy
(1994). Samples of MyHC extract (40 mg) were diluted 1:1 in sample
buffer, boiled, and run on separating gels containing 30% glycerol,
8% acrylamide with a bis/acrylamide ratio of 30:1. Gels were run at
190 V for 36–40 h to allow complete separation of the MyHC
isoforms in the gel. Gels were stained with Coomassie Express
(Research Products International, Mount Prospect, IL) and dried
between cellophane sheets. Dried gels were scanned into TIF files
using a computer scanner and the isoform bands were densito-
metrically analyzed using NIH Image software. Each band was
circumscribed and quantified and corrected for background by
subtracting the value from an area not containing protein bands.
This system allowed quantification of the embryonic, neonatal,
type IIb, and type I MyHC isoforms. Types IIa and IId MyHC were
not able to be resolved from one another, so they were scanned as
a single band and reported as IIa1IId.
Western blotting. In addition, Western blotting was used to
quantify expression of select MyHC isoforms during postnatal
development. Samples of MyHC extract were electrophoresed as
described above except a minigel apparatus was used (Protean II
minigel apparatus; Bio-Rad, Hercules, CA). Proteins were trans-
ferred to PVDF membrane (Bio-Rad) using a minigel transfer
apparatus (Bio-Rad) at 30 V overnight at 4°C. The membrane was
air dried and rinsed in 100% methanol for 1 min and H2O for 5 min.
fter being rinsed in PBS with 0.1% Tween 20 (PBS-T) for 5 min,
lots were blocked in 5% nonfat dry milk for 1 h and incubated for
h in primary antibody solution. The primary antibodies used were
1.652, BF-F3, and MyHCs specific to embryonic, type IIb, and type
MyHCs, respectively. After primary incubation, blots were rinsed
or 2 3 10 min in PBS-T and incubated for 1 h in secondary
ntibody, goat anti-mouse HRP conjugate (Bio-Rad) at 1:3000
ilution in PBS 1 0.1% Tween 20 1 0.1% nonfat dry milk. After
epeated rinsing in PBS, blots were visualized using the Opti-4-CN
echnique (Bio-Rad). Blots were then scanned into TIF files that
ere analyzed using NIH Image quantification software; each band
as outlined and the optical density determined and corrected for
ackground by scanning an identically sized area directly above the
elevant band and subtracting this from the band value. All
ensitometric values were normalized to the highest value across
he four time points.
RESULTS
Spatial and Temporal Patterns of MyHC Isoform
Expression during Postnatal Life
The results of immunohistochemical staining of sections
of hindlimb muscles for individual MyHCs are shown in
Figs. 1–5. We have indicated the gastrocnemius muscle (G)
for purposes of demonstration as this muscle showed
changes in MyHC expression representative of all hindlimb s
Copyright © 2001 by Academic Press. All rightuscles. Expression of embryonic MyHC is shown in Fig. 1.
t 1 day postnatal (dpn), all fibers in all muscles of the
ild-type mouse hindlimb demonstrated a very strong
ignal for embryonic MyHC (Fig. 1). By 5 dpn in the
ild-type mouse there was a substantial decrease in the
umber of embryonic MyHC-positive fibers in the superfi-
ial regions of the gastrocnemius muscle, while the deeper
ortions continued to demonstrate strong signals for em-
ryonic MyHC (Fig. 1). By 10 dpn, embryonic MyHC was
resent only in scattered fibers in the deep portion of the
astrocnemius (Fig. 1). By 20 dpn, embryonic MyHC immu-
ostaining was absent from all portions of all muscles in
he wild-type lower hindlimb (Fig. 1). Neonatal MyHC
howed a similar pattern, i.e., robust expression at 1–5 dpn
ollowed by a decline resulting in total loss of expression by
0 dpn (data not shown). Embryonic and neonatal MyHC
xpression in both the IIb and the IId null mice followed the
ame pattern as the wild type. Specifically, staining was
resent in all fibers in all muscles at 1 dpn (Fig. 1). Staining
ecreased at 5 dpn in the superficial portions of the muscle
nward and was completely absent by 20 dpn (Fig. 1). Thus
he timing and localization of down-regulation of the de-
elopmental MyHC isoforms were unchanged by targeted
isruption of the adult fast IIb and IId genes.
Type I MyHC immunostaining is shown in Fig. 2. Type I
yHC immunostaining was observed in numerous scat-
ered fibers in all muscles at 1 dpn. The staining was
estricted to fibers in the deeper portion of gastrocnemius
Fig. 2). Nearly all fibers were type I MyHC-positive in the
oleus muscle (not shown). Again, in the IId and IIb null
ice the timing and pattern of type I MyHC immunostain-
ng were indistinguishable from those in the wild-type
ice, with high expression at 1 dpn decreasing through 20
pn (Fig. 2). Also, the restriction of expression to the slow
oleus muscle and to the deeper, more oxidative portions of
ast muscle such as gastrocnemius was identical to that in
ild-type mouse hindlimb. Thus the developmental and
uscle-specific restriction of type I MyHC expression in
he lower hindlimb was not perturbed by alterations to the
Ib or IId MyHC genes.
None of the adult fast MyHC isoforms was detectable by
mmunohistochemistry at 1 dpn. Figure 3 shows the results
f double-immunofluorescence staining for IIa (red) and IIb
green) MyHC on the same section for wild-type, IIb null,
nd IId null mice. Type IIb MyHC was the first to be
etected and was usually evident around 5 dpn (Fig. 3). Type
Ib MyHC expression was first evident in the superficial
ortions of the gastrocnemius muscle and increased in a
uperficial to deep manner across the time points examined
Fig. 3). By 20 dpn, IIb MyHC was the predominant isoform
n all muscles of the lower hindlimb except the soleus (not
hown). In IIb null mice, no evidence of IIb MyHC was
etected, consistent with the null mutation at this locus
Fig. 3). In the IId null mice, IIb MyHC immunostaining was
gain first seen at around 5 dpn and increased thereafter in
uch the same pattern as in the normal mice (Fig. 3). Thisuggests that the null mutation of the IId MyHC gene does
s of reproduction in any form reserved.
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388 Allen and Leinwandnot confer precocious expression of the IIb MyHC isoform,
nor does it disrupt its localization to the more superficial
portions of the hindlimb musculature during postnatal
development.
FIG. 3. Immunohistochemical staining for type IIb MyHC (green
null, and IId null mouse hindlimb at 1, 5, 10, and 20 dpn. The o
gastrocnemius. IIb immunostaining was first evident in the superfi
fibers) and IId null mice; as expected, no IIb immunostaining was ev
in all but a few scattered deep fibers in the wild-type and IId null m
at 5 dpn and was much stronger by 20 dpn; IIa-positive fibers were
to the bone. At no time point were IIa and IIb MyHC observed to
segregated into the deep and superficial portion of the muscle, resp
toward the deepest portions of the muscle, were the two stains evType IIa MyHC was detected shortly after type IIb MyHC p
Copyright © 2001 by Academic Press. All rightn the normal mouse hindlimb. Type IIa MyHC was usually
rst seen very faintly around 5 dpn; immunostaining was
enerally first evident in the soleus muscle and the deep
ortion of the gastrocnemius (Fig. 3). The number of IIa-
F3 antibody) and IIa MyHC (red; SC-71 antibody) in wild-type, IIb
tation of the sections is identical to that in Fig. 1; S, soleus; G,
astrocnemius at 5 dpn in wild-type (arrows indicate BF-F3 positive
served for the IIb null mice. By 20 dpn IIb immunostaining is seen
hindlimb. Type IIa MyHC immunostaining was faintly expressed
cally found in the deep portion of the gastrocnemius muscle next
expressed in the same fiber, and indeed the staining for each was
ely. Only at 20 dpn, at which time IIb immunostaining had spread
en in adjacent fibers. The scale bar represents 500 mm.; BF-
rien
cial g
er ob
ouse
typi
be co
ectivositive fibers increased at 10 and 20 dpn in the deep
s of reproduction in any form reserved.
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389Postnatal MHC Isoform Expression in Miceportions of the fast muscles (Fig. 3) and in the entire soleus
(not shown). Both IIb and IId null mice showed a similar
pattern, with staining evident at 5 dpn and increasing from
deep to superficial. In both lines of null mice, the number of
IIa MyHC-positive fibers appeared to be greater than in
normal mice by 20 dpn. This is consistent with previous
data showing that this MyHC isoform is activated in a
compensatory manner in response to the loss of the IIb and
IId loci (Sartorius et al., 1998; Allen et al., in preparation)
and suggests that while expression of the IIa protein did not
occur at an earlier time point in the IIb and IId null mice, it
was activated in a greater number of fibers to compensate
for the loss of IIb and IId MyHC, respectively. At no time
point were fibers observed to coexpress IIa and IIb MyHC in
any of the three lines of mice, and the overall pattern of
staining remained complementary, with IIa fibers found
predominantly in the deep portion of the muscle and IIb
found in the superficial portion of the muscle.
There are currently no antibodies available that specifi-
cally recognize the IId MyHC alone. However, we at-
tempted to examine the expression of IId MyHC using
BF-35, an antibody that recognizes all isoforms of MyHC
except IId (Gorza, 1990). With this antibody it is possible to
determine when the first “pure” IID fibers are seen by the
presence of unstained fibers. From 1 to 10 dpn, all fibers in
all wild-type, IIb null, and IId null mouse hindlimb muscles
stained with BF-35 (not shown); only at 20 dpn were the
first pure type IID fibers evident, usually in the deep portion
of the gastrocnemius (Fig. 4). In the IIb null mice a much
larger percentage of fibers were BF-35 negative (Fig. 4),
consistent with the compensatory up-regulation of this
isoform in the IIb null mice (Allen et al., in preparation). In
he IId null mice, no fibers ever became BF-35 negative,
onsistent with the null phenotype for IId MyHC (Fig. 4).
The a MyHC isoform is predominantly expressed in the
eart, but recent evidence has shown that it is expressed in
ntrafusal fibers (McWhorter et al., 1995), in chronically
lectrically stimulated rabbit and rat skeletal muscle fibers
Peuker et al., 1998), and during skeletal muscle fiber
FIG. 4. Immunohistochemical staining using the antibody BF-35
for all but type IId MyHC in wild-type, IIb null, and IId null mouse
hindlimb at 20 dpn. S, soleus; G, gastrocnemius. From birth
through 10 dpn all fibers in the hindlimb of both wild-type and IIb
null mice stain with the BF-35 antibody, which recognizes both
developmental (embryonic and perinatal) isoforms as well as types
I, IIa, and IIb isoforms (not shown). Only at 20 dpn are BF-35-
negative fibers present, indicative of “pure” IID fibers. From left to
right are shown wild-type, IIb null, and IId null mouse hindlimb
sections, respectively. In the wild type, arrows indicate some of the
scattered few BF-35-negative fibers observed. Many more fibers in
the IIb null mouse were BF-35-negative at 20 dpn, consistent with
the up-regulation of this isoform to compensate for the loss of IIb
MyHC. In the IId null mice, no BF-35-negative fibers were ever
observed, consistent with the lack of IId MyHC expression in these
mice. The scale bar represents 500 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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normal mouse hindlimb with an antibody specific to a
MyHC revealed scattered positive fibers at 1 dpn, usually
located in the deep/intermediate portion of the muscle (Fig.
5). The number of these fibers did not appear to change
between 1 and 20 dpn for the wild-type, IIb null, or IId null
mice (Fig. 5). This may reflect either a constant rate of
interfiber conversions occurring during postnatal develop-
ment or the presence of a constant number of a-MyHC-
ontaining intrafusal fibers. The localization and timing of
xpression were also identical in both strains of null mice
o that of the wild-type mouse hindlimb (Fig. 5). These data,
long with the data from the type I MyHC immunostaining
bove, are consistent with the idea that disruption of genes
n the skeletal muscle MyHC gene locus does not affect
xpression of the cardiac MyHC gene locus. Moreover, it
FIG. 5. Immunohistochemical staining for a MyHC in wild-type,
images of the deep portion of the calf musculature for wild-type, I
hese fibers were extremely few and were usually found in the
a-MyHC-positive fibers per hindlimb section for wild-type, IIb nul
seen per hindlimb, usually located in the intermediate/deep portion
development and was not different in the IIb or IId null mice.lso suggests that there is no difference in the number of
Copyright © 2001 by Academic Press. All rightbers undergoing transitions between type I and type IIa
yHC during postnatal development in the IIb and IId null
ice.
Quantitative Determination of MyHC Isoform
Expression in Postnatal Life
High-resolution gel electrophoresis was used to examine
the timing and quantity of MyHC isoform expression
during postnatal hindlimb development and is shown in
Fig. 6, and the results of densitometric scanning of all bands
for all time points are shown in Fig. 7. In wild-type mice, gel
electrophoresis confirms the observations from immuno-
histochemistry. Specifically, at birth, embryonic and peri-
natal MyHC are the predominant isoforms, and expression
of the adult fast isoforms is not seen until 5 dpn (Fig. 6), at
ull, and IId null mouse hindlimb at 5 dpn. (A) High-magnification
ll, and IId null mice. Arrows indicate a-MyHC-expressing fibers;
er portions of the muscle. (B) Quantification of the number of
IId null mice. An average of 30–40 a-MyHC-positive fibers were
e muscle. This number did not change appreciably across postnatalIIb n
Ib nu
deep
l, andwhich time IIb and IId MyHC are expressed. Type I MyHC
s of reproduction in any form reserved.
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391Postnatal MHC Isoform Expression in Miceis expressed so faintly that the band is rarely seen at any
postnatal time point (Fig. 6). Type IIb MyHC is the first
adult fast isoform seen by gel electrophoresis and its expres-
sion is increased through 20 dpn (Fig. 6). Types IIa and IId
MyHC appear faintly around 5 days postnatal but only
become prominently expressed after 10 dpn (Fig. 6).
Quantification of the gel bands using densitometry re-
vealed the postnatal expression pattern of embryonic, peri-
natal, IIb, and IIa1IId. Because resolution of the IIa and IId
bands was difficult in this approach, these two bands are
combined for purposes of quantitative analysis. At birth,
embryonic and perinatal MyHC account for 31 and 65% of
the total MyHC, respectively, while IIb and IIa1IId MyHC
account for 4 and ,1% of the total MyHC, respectively (Fig.
7). At 5 dpn, the percentage of IIb MyHC doubled to over
9% of the total MyHC while IIa1IId increased to approxi-
mately 14% of the total MyHC, and embryonic and perina-
tal MyHC comprise 55 and 16%, respectively (Fig. 7). By 20
dpn, IIb MyHC comprises 63% of the total MyHC and
IIa1IId accounts for 23%; these percentages are not appre-
ciably different from the values of adult (6-week-old) mice
(Fig. 7). Conversely, embryonic and perinatal MyHC de-
crease as a percentage of the total MyHC throughout the
postnatal period and account for ,3% of the total MyHC in
adulthood (Fig. 7).
Quantitative analysis of gel electrophoresis data from the
IIb and IId null mice revealed few differences in MyHC
expression patterns between either null strain and the
wild-type mice (Fig. 7). At birth, embryonic MyHC ac-
counts for 37 and 28% of the total MyHC in IIb and IId null
mice, respectively, while perinatal accounts for 63 and 62%
(Fig. 7). No difference could be discerned in the pattern of
decrease of either embryonic or perinatal MyHC during
postnatal development between either null strain and wild-
type mice (Fig. 7). Expression of IIb MyHC was never
FIG. 6. Representative high-resolution gel electrophoresis on hind
20 dpn and adult (6 weeks of age). Embryonic and perinatal My
postnatally. Type IIb MyHC expression is first seen in wild-type
isoform in adult hindlimb. IIa and IId MyHC run too close together
band at 5 dpn and increase in all strains in adult hindlimb.observed in the IIb null mice, consistent with the null s
Copyright © 2001 by Academic Press. All righthenotype, while expression of IIb MyHC in the IId null
ice was quantitatively identical to that in the wild type
Fig. 7). Finally, expression of IIa1IId MyHCs was increased
t all time points from 10 dpn onward in IIb null mice,
onsistent with its up-regulation to compensate for the loss
n IIb MyHC (Fig. 7). Expression of IIa1IId in the IId null
ice was identical to that of wild type at all time points,
onsistent with the earlier observation that IIa MyHC is
p-regulated to compensate for the loss of IId MyHC (Fig. 7;
artorius et al., 1998).
In addition, Western blotting was used to verify the
iming of expression for selected MyHC isoforms, specifi-
ally the embryonic, IIb, and IIa isoforms. The results are
hown in Fig. 8. We chose three antibodies, F1.652 (embry-
nic), MHCs (type I), and Bf-F3 (IIb), as representative of
soforms that in the assays above showed a pattern of
ecreased expression, no change, and increased expression
uring postnatal development, respectively. Immunoblot-
ing using F1.652 revealed a single band consistent with the
ize of embryonic MyHC (Fig. 8). Values for each mouse
train were normalized to that of the time point showing
he highest expression value to compare the pattern of
xpression. In wild-type animals, embryonic MyHC expres-
ion was highest at birth, decreased to about 40% of this
aximum by 5 dpn, decreased slightly to 35% at 10 dpn,
nd was only 10% of day 1 values by 20 dpn (Fig. 8). In IIb
nd IId null mice, the expression pattern of embryonic
yHC was identical to that of wild-type animals; expres-
ion was high at 1 dpn and decreased at 5 (33 and 84%,
espectively) and 10 dpn (35 and 45%, respectively) and was
ery low at 20 dpn (Fig. 8). In IId null mice there appeared to
e a delay in the decrease in embryonic MyHC at 5 dpn but
y 10 dpn it was identical to that of wild type (Fig. 8).
Type I MyHC expression showed no discernable pattern
hroughout postnatal development in any of the mouse
samples from wild-type, IIb null, and IId null mice at 1, 5, 10, and
are the predominant isoforms expressed at 1 dpn and decrease
IId null mice at 5 dpn and increases to become the predominant
resolved in this system but these too are first seen as a faint, fuzzylimb
HC
and
to betrains (Fig. 8). This is probably due to the fact that type I
s of reproduction in any form reserved.
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392 Allen and LeinwandMyHC expression in fast muscles of the hindlimb is being
restricted to the deeper portions of the muscle while type I
MyHC expression in slow muscles such as soleus is increas-
ing, resulting in no net change. No difference could be seen
in the expression pattern of type I MyHC between the null
strains and the wild-type mice (Fig. 8).
Immunoblotting with the antibody BF-F3 also gave a
single immunoreactive band, consistent with its specificity
for type IIb MyHC (Fig. 8). In wild-type mouse hindlimb, IIb
MyHC expression was ,1% of adult levels at 1 dpn but
ncreased dramatically to 41% of adult levels by 5 dpn (Fig.
). By 20 dpn IIb MyHC expression was 75% that of adult
indlimb (Fig. 8). Expression in IId null mice showed low
xpression at 1 dpn (1% of adult levels), increased expres-
ion at 5 dpn (24% of adult levels), and increasing expres-
ion at both 10 and 20 dpn (89 and 97%, respectively; Fig. 8).
n IId null mice, IIb MyHC expression reached adult levels
FIG. 7. Line graphs of the percentage of total MyHC of embryoni
mice across postnatal development. High-resolution gels were den
for each time point were totaled and used to determine the percenarlier than in wild type. No reactivity with BF-F3 was seen
Copyright © 2001 by Academic Press. All rightn hindlimb samples from IIb null mice, consistent both
ith the absence of this isoform in these mice and with the
pecificity of BF-F3 for IIb MyHC (Fig. 8).
DISCUSSION
Despite the prominence of the mouse as a model organ-
ism for studies on development, there have been few data
published on the expression patterns of skeletal MyHC
isoforms during murine development. Our results are in
good general agreement with those from other animal
models; however, given the considerable differences be-
tween species in MyHC isoform expression (Hamalainen
and Pette, 1993), it was necessary to examine postnatal
MyHC isoform expression in the mouse for comparison.
Our observations are consistent with the postnatal decrease
inatal, IIb, and IIa1IId MyHCs for wild-type, IIb null, and IId null
etrically scanned and normalized for background, and the values
of total MyHC for each isoform.c, per
sitom
tagein perinatal MyHC in the rat (Butler-Browne and Whalen,
s of reproduction in any form reserved.
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393Postnatal MHC Isoform Expression in Mice1984; LaFrambroise et al., 1990) and in embryonic and
erinatal MyHC in the rabbit (McKoy et al., 1998). Our
FIG. 8. Results of Western blotting for embryonic, type I, and ty
development. The left side shows the actual Western blots for each
of the densitometric values. In each case the maximum expression i
to this value. (A) Expression of embryonic MyHC across postnatal
across postnatal development for all three strains. (B) Type I My
different between the three strains. (C) IIb MyHC expression is
development in wild-type and IId null mice but is never expressedmmunohistochemical data suggest that superficial areas of t
Copyright © 2001 by Academic Press. All righthe fast hindlimb muscles such as the gastrocnemius,
hich are destined to become pure IIB, are among the first
b MyHC in wild-type, IIb null, and IId null mice across postnatal
in across postnatal development; the right side shows a line graph
en as 100% and the rest of the values for that strain are normalized
lopment; quantification reveals the decrease in embryonic MyHC
xpression is unchanged across postnatal development and is not
t seen around 5 dpn and increases dramatically over postnatal
b null mice.pe II
stra
s tak
deve
HC eo undergo maturation toward the adult phenotype.
s of reproduction in any form reserved.
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394 Allen and LeinwandPostnatal expression of IIa and IIb MyHC followed
complementary patterns consistent with their localization
in adult muscle, with IIb first evident in the most superfi-
cial aspect of the gastrocnemius and IIa first evident in the
deep portion of the gastrocnemius. As postnatal develop-
ment progresses, IIb MyHC isoform expression spreads in a
superficial-to-deep pattern while IIa MyHC expression
spreads throughout the deep portion of the hindlimb
muscles. Detection of the first time point at which IId
MyHC protein is observed is hampered by the lack of an
antibody specific for the IId isoform. However, immuno-
staining with the antibody BF-35, which stains all MyHC
isoforms except IId, shows that pure IID fibers were seen in
the intermediate portion of the plantaris and gastrocnemius
muscles between 10 and 20 dpn. Thus, the present data
suggest that each of the adult MyHCs follows a unique
spatiotemporal pattern of expression in the postnatal hind-
limb which results in the gradient of fiber types from
slow/oxidative to fast/glycolytic (I–IIA–IID/X–IIB) from
deep to superficial that is observed in adult mouse muscu-
lature.
The mechanisms responsible for this dramatic transition
are not fully known, although two factors are thought to be
involved. First, thyroid hormone status is known to affect
MyHC isoform expression (Ianuzzo et al., 1977). In particu-
ar, hypothyroidism delays both the normal loss in devel-
pmental MyHCs and the up-regulation of IIb and IId
yHCs (Adams et al., 1999). A second factor known to
ffect MyHC isoform expression is muscle activity level.
ouse pups begin to locomote starting around 10 dpn and
ecome extremely active by 20 dpn. However, most studies
o date have demonstrated that elimination of the nerve
oes not block either the loss of developmental MyHC
xpression (Butler-Browne et al., 1982) or the appearance of
dult fast MyHC isoforms (Lyons et al., 1993). However,
ther studies demonstrated a need for normal neural acti-
ation of postnatal muscle for the shifts in MyHC isoform
xpression (Russell et al., 1993; Camoretti-Mercado et al.,
996; Adams et al., 1999), although this effect seems to be
ariable depending on both the muscle and the fiber type
xamined (Russell et al., 1993; Adams et al., 1999). It is
likely that both thyroid/hormonal status and muscle activ-
ity work in concert to produce the highly specialized shifts
in MyHC isoform expression during postnatal develop-
ment.
Several studies have addressed the shifts in MyHC iso-
form mRNA levels during pre- and postnatal development.
For example, using in situ hybridization, Lyons et al. (1990)
examined the expression of embryonic, perinatal, and type
I MyHC mRNA during prenatal development. We recently
reported that the expression of the “adult” IIa, IIb, and IId
mRNAs is detectable much earlier than previously be-
lieved, i.e., around 14.5 dpc (Lu et al., 1999). In this study
we were unable to detect protein for the IIa, IIb, and IId
MyHCs at any time prior to 3–5 dpn (Lu et al., 1999),
consistent with the present study. Only one other study has
examined both mRNA and protein levels for the different
Copyright © 2001 by Academic Press. All rightMyHC isoforms during development (McKoy et al., 1998).
This excellent study on postnatal development of rabbit
skeletal muscle also demonstrated that the adult fast
MyHC isoform proteins were detectable only postnatally
and that there was a good match between mRNA and
protein expression for the isoforms during postnatal devel-
opment (McKoy et al., 1998). Together, these data suggest
that, with the exception of the early expression of adult
MyHC isoform mRNAs in the developing embryo, there is
a strong correlation between mRNA and protein levels for
the different MyHC isoforms during development. The
reason for the discrepancy between mRNA and protein
levels in the developing embryo is unclear although it is
possible that it is a simple detection problem, particularly
since the assays used to detect mRNA are highly sensitive
(Lu et al., 1999). On the other hand, it is possible that some
form of translational block exists at this early time point
which prevents the MyHC mRNAs from being expressed in
the developing embryo.
In both IIb and IId null mice there is up-regulation of a
specific MyHC isoform to attempt to compensate for the
loss of IIb or IId MyHC; type IId MyHC is up-regulated in
the IIb null mice while IIa MyHC is up-regulated in the IId
null mice (Sartorius et al., 1998; D. L. Allen, manuscript in
preparation). We hypothesized that targeted disruption of
the MyHC genes in the null mice might result in alter-
ations in the timing and pattern of expression of these and
other MyHC isoforms. However, in IId null mice, IIa MyHC
expression was activated at its normal time, i.e., between 5
and 10 dpn (Figs. 6–8). Similarly, the time course for
establishment of pure IId-expressing fibers changed in IIb
null mice was unaffected compared to wild type. Second,
the normal down-regulation of embryonic and perinatal
MyHC was not appreciably altered in either null strain.
Finally, the timing and localization of type I/b and a MyHC
ere also not different in the null mice compared to wild
ype. Together these data suggest that regulation of the two
arcomeric MyHC loci is unaffected by the homologous
ecombination-mediated elimination of IIb or IId expres-
ion. This in turn implies that the dramatic effects observed
n the IIb and IId null mouse phenotype probably do not
ccur until the point at which lack of expression of these
soforms becomes noticeable, i.e., around 15–20 dpn. Thus
he factor(s) responsible for the pathological phenotype in
Ib and IId null mice probably derives from consequences of
oss of the IIb and IId isoforms during late postnatal devel-
pment rather than as a result of absence of the gene
roduct during some critical early phase of prenatal devel-
pment.
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